By the use of a simple phenomenological string model, the energy lost by the top quark through nonperturbative fragmentation effects before its weak decay is computed. This energy lost is in first approximation proportional to the rate between the decay time and the hadronization time of the top as measured in the center-of-mass frame of the top and its color partner. Precise computations of the energy lost by the top in terms of its mass when produced in colliders such as the Fermilab Tevatron, CERN Large Hadron Collider, Superconducting Super Collider, and CERN Linear Collider are presented. As expected, this effect decreases quickly with the top mass but it could be relevant for a top mass below 100 GeV.
I. INTRODUCTION
According to our usual understanding of QCD, quarks and gluons cannot appear as observable final states of reactions because of confinement. For this reason, when they are produced in high-energy reactions, they suffer an extremely complex process called fragmentation or hadronization. As a result of this fragmentation, quarks and gluons are transformed in a large number of hadrons resulting in the entropy of the whole system being greatly increased.
Nevertheless, this picture can be completely different for heavy enough quarks, especially the top. As the quark mass is getting heavier, the weak decay width becomes larger and larger because the available phase space increases quickly with the quark mass. For instance, for a heavy enough top quark, its weak decay width to a real and a b quark is given roughly by I o - 2.6 CreV(m, /200) . Therefore, if the top quark is very heavy, its mean life is so short that the fragmentation process does not have time to take place before the top decay and it is relegated to the bottom quark.
Between To bring some light on this problem, the hadronization and decay times for tq systems were compared by Bigi et al, in [2] and they concluded that, for a top mass (m, ) larger than about 100 GeV, nonperturbative fragmentation effects can be neglected because these tq states do not have time to be formed before the decay of the top. They stated that the relative amount of energy residing in the remnant jet goes to zero when the top mass increases and they also pointed out the importance of perturbative top fragmentation, which will not be considered in our work.
More recently [3] Orr and Rosner have put the emphasis on the fact that both the hadronization and the decay time are affected by the motion of the quarks and, hence, that nonperturbative effects can or cannot be ignored above a particular mass is an energy-dependent statement (in fact this was also taken into account in [2] For the sake of simplicity we will consider this rest of the (anti)proton as a unique particle of mass mz located at the second end of the string. With these assumptions the system to be considered is just a bosonic string with masses m, and mz attached at its ends. This kind of system was first studied in [5] 
By the use of the reparametrization invariance of the action it is possible to choose the timelike gauge where As explained above, Eqs. (8) and (9) describe the expansion of the string for times t smaller than the returning time t~b ut only provided that the string does not break.
However, it is expected that when the energy of string is larger than some critical value, the string starts breaking.
In fact, if fragmentation effects of the top quark have some relevance, the string has to break several times before the top decays at time td. In this situation, Eqs. (8) and (9) do not apply in principle because they do not take into account the different breakings that occur at times t"t2, . . . , t"&td (see Fig. 1 ). However, as these breakings are causally disconnected, the ends of the string are not affected by them until the time t, which typically is close to the return time t~. As we are interested in situations with td « t"-t"we arrive at the conclusion that, in spite of the several breakings of the string, Eq. (8) describes the motion of the ends of the string until the de™ cay of the top. This, of course, is not the case for Eq. (9) for obvious reasons. Now, we are in condition to make the computation of the total energy transferred by the top quark to the string at time td.. and bE =E,(0) E,(td ), - (10) z(t, o)=z, (t) 1 --+z2(t)- (9) where E,(t) =E&(t) is the top-quark energy as a function of time. From the discussion above, this energy (for t « t~) is given by Note that for small t we have assumed z, &z2. For large enough time this cannot be always the case because the motion of the string is oscillating (a yo-yo-mode).
The time needed by the string to reach the maximum distance (the return time) between its ends is tz =po/T. This time is much larger than the ones we are interested in, so we can safely use Eqs. (8) and (9) to describe the motion of the string and its ends. Fig. 4 ). The diff'erent distributions of the hadron activity in these two cases is in principle observable.
In the following, to make the problem manageable enough we will consider the color-octect indices such as a or b as a tensoria1 product of triplet-antitriplet indices. This can be understood in the framework of the large-Xc approximation [9j which was already implicitly assumed in the derivation of Eq. (20) . This approximation is equivalent to using U(Xc ) instead of SU(Xc ) as the color group. In Fig. 3 Finally, we have to take into account also that both initial-state gluons can be obtained from one proton or from the other.
Finally, we will discuss briefly the pp case. In addition to the diagrams considered in the pp case, there are new contributions coming from the annihilation diagram in Fig. 5 . In fact, in the case of the Tevatron, the two partonic subprocesses are roughly of the same magnitude. The diagram in Fig. 5 is the only new diagram because the contribution coming from the (anti)top inside the (proton) antiproton is neglected (we are only considering valence quarks). This diagram produces only one color structure and the related event topology is similar to the one of the structure A in the pp case (see Fig. 5); i.e. , we expect correlations between the fragmentation of the top and the rest of the proton and between the antitop and the rest of the antiproton.
IV. NUMERICAL RESULTS
As was mentioned in the Introduction, the aim of this paper is to give this reason, in this section we compute in detail the expected energy lost by the top for this kind of effect when it is produced in different scenarios corresponding to present and next-generation colliders. In particular, we will consider the cases of a e e collider with center-ofmass energies of 1 Tote added. After this work was finished Orr was kind enough to send us a paper [13] where she extended her previous work with Rosner [3] 
